A number of ciliated protozoa are known to read the stop codons UAA and UAG as sense codons that specify glutamine during protein synthesis. In considering evolutionary mechanisms for this curious divergence from the standard genetic code, we propose the existence of progenitor tRNAs for glutamine that can weakly suppress UAA and UAG codons. It has been previously shown that multicopy plasmids that overexpress normal tRNAGiA and tRNAGn genes from the yeast Saccharomyces cerevisiae can partially suppress a number of yeast ochre and amber mutations, respectively. In the present study we show that the tRNAGin gene can also function as a weak amber suppressor when expressed in cells at physiological levels. This observation is consistent with a role of tRNAGin as an evolutionary progenitor of tRNAs that strongly decode UAG codons.
In previous studies (ref. 1; I.E. and M.R.C., unpublished data) we isolated a normal tRNAFo gene from the yeast Saccharomyces cerevisiae and demonstrated that its overexpression from a multicopy plasmid results in partial suppression of a number of different amber mutations in the yeast genome. In related studies it was shown that a multicopy plasmid containing the normal gene for tRNAFLA can partially suppress ochre mutations exclusively (2) . In both situations anticodon-codon interactions require GU mispairing at the first codon position, thus raising the interesting possibility that during protein synthesis in eukaryotes wobble may not be restricted to the third codon position, as is traditionally assumed (3) .
The observation of nonsense codon suppression by two different normal tRNAs, both of which decode glutamine, may have implications for the evolution of divergence from the universal genetic code recently documented for several ciliated protozoa. In these organisms amber and ochre codons have been demonstrated in the coding region of nuclear genes and are decoded with high efficiency by tRNAs normally charged with glutamine (4) (5) (6) (7) (8) . In one of these protozoa (Tetrahymena thermophila), two glutamine tRNA species with the anticodon CUA or UUA have been identified (9, 10) that can decode UAG and UAA codons, respectively, by normal base pairing.
It is not obvious how such divergence from the normal genetic code evolved. It has been suggested that in the progenitors of these ciliated protozoa the stop codons UAG and UAA served as weak translational stop signals and were only rarely used (10) . We have previously suggested (11) that such circumstances might have set the stage for the selection of mutational alterations in glutamine tRNAs that normally decode CAG and CAA, such that they could also weakly decode the erstwhile stop codons UAG and UAA. Weak nonsense suppression could allow the random genetic drift of amber and ochre codons into the coding region of essential nuclear genes and their subsequent loss as functional stop codons. The observation of partial suppression of amber and ochre codons by normal glutamine tRNAs overexpressed in yeast (ref. 1; I.E. and M.R.C., unpublished data) may thus have relevance for the evolution of glutamine tRNAs in ciliates that decode these codons with high efficiency.
The existence of natural suppressor tRNA genes in eukaryotes has been documented in many organisms; however, the molecular basis for this phenomenon is poorly understood. One case in which the mechanism of natural suppression has been characterized is that of a UAG suppressor isolated from Drosophila, tobacco, and wheat (12) (13) (14) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
only one or two copies per cell (15) ] results in partial suppression of radiO and ade2 amber mutations in yeast.
MATERIALS AND METHODS
Yeast Strains and Plasmids. Construction of the yeast strains YH50 (RADIO, AtDNA'Gn , ade2-lOUa) and YH60 (radiO-la, AtDNA2GIn , ade2-101a) are as described below.
The diploid yeast strain YD10 (RADiO/radiO-la, tDNAAG/ AtDNA2IGn ) and the haploid strains YH10 (A&radlO), LP2817-2D (radiO-ia), and AB1841 (RADIO, ade2-10la) have been described (1) . Plasmids pJDB207, pSUP207, YCpl9AURA3, and pNF4015 are also as described (1) . Plasmid YCpl9HIS was constructed by cloning a BamHI-Xho I fragment containing the yeast HIS3 gene into the BamHI and Sal I sites of YCpl9AURA3. The centromeric plasmids PC689UAG, PC689UAA, and PC689UGA, carrying the amber, ochre, and opal alleles, respectively, of sup4, were from Maynard Olson (16) .
Construction of Yeast Strains for Amber Suppression Studies. A RADiO/radiO-la diploid strain deleted in one ofthe two chromosomal tRNA8AGl genes (YD10) was transformed with pSUP19HIS, a centromeric plasmid containing a single copy of the cloned tRNAnAG gene (1) . The diploid was sporulated and a haploid radiO-la segregant was isolated that carries the tDNA deletion and plasmid pSUP19HIS. This haploid was mated to strain AB1841 (RADIO, ade2-101a) to generate the RADiO/radiO-la, ADE2/ade2-lOla, tDNAA'nG/AtDNAcA~nG diploid shown at the top of Fig. 1 . The diploid was sporulated and ade2-101a, AtDNA8AnG haploids (carrying pSUP19HIS) were isolated that were additionally RADIO or radiO-1. Both haploids were transformed with the multicopy plasmid pNF4015 carrying the cloned tRNAFA`A gene. The resulting transformants [YH50 (RADIO, AtDNA8AG, ade2-lOla) and YH60 (radiO-la, AtDNAP~nAG, ade2-101a)] were cured of plasmid pSUP19HIS by mitotic selection for his3 auxotrophs (Fig. 1) . Cured strains were transformed with the centromeric vector without the tRNA gene (YCpl9HIS) to generate the control strains YH51 and YH61 (Fig. 1) .
Nonsense Suppression Assays. UV survival of various strains was as described (2) . Suppression of the ade2a mutants was measured by growing these strains in minimal medium containing limiting amounts of adenine (3 ,ug/ml) 
RESULTS AND DISCUSSION
The RADIO gene of S. cerevisiae is required for the excision repair of DNA damage produced by exposure of cells to UV radiation (19) . It was previously shown that the UV sensitivity of a radiO mutant strain (radiO-1) is partially suppressed by a multicopy plasmid containing the cloned tRNAFnG gene (1, 17 M.R.C., unpublished data), thus suggesting that the radiO-1 allele also harbors an amber mutation (1) . In the present studies we have confirmed this result by showing that the UV sensitivity of radiO-1 is suppressed by a plasmid carrying the tyrosine-inserting amber-specific suppressor sup4 (Fig. 2 , closed circles). Plasmids containing the isogenic sup4 ochre (Fig. 2 , closed squares) and opal (data not shown) suppressors have no effect on the UV sensitivity of radiO-1. In keeping with conventional terminology, we designate the amber mutation in radiO-1 as radiO-la.
We constructed two strains in which the chromosomal tRNA8AnG gene was inactivated by partial deletion and which additionally carry the ade2-101a allele and either the RADIO or radiO-la allele. Both strains remain viable because they also carry the tRNA8lG gene on a centromeric plasmid (1). These two haploid strains were independently transformed with a multicopy plasmid carrying the cloned tRNA8PnA gene.
When the resulting transformants [YH60 (radiO-la, AtDNA21nG, ade2-101a) and YH50 (RADIO, AtDNA8&G, ade2-101)] were cured of the centromeric plasmid, viability was maintained by overexpression of tRNA'2AA from the multicopy plasmid (Fig. 1 ). The cured strains were then transformed with a centromeric vector to generate a pair of control strains (YH61 and YH51) without a functional tRNA8l!G gene (Fig. 1) .
We carried out quantitative measurements on the UV sensitivity of the four strains described above to determine whether expression of tRNA8MM from the small number of A plasmid carrying the sup4a gene suppresses the radIO-la mutation. Strain LP2817-2D (radiO-la) was transformed with the multicopy plasmid vector pJDB207 and with either the sup4a plasmid PC689UAG (0), PC689UAA (a), or the vector YCpl9A&URA3 (r). The survival of strain YH60 is shown for comparison (o) . This strain also carries the radIO-1a mutation but is deleted in the chromosomal tRNAA'nG gene. However, this gene is present on the centromeric plasmid pSUP19HIS. The strain is additionally transformed with the multicopy plasmid pNF4015 carrying the tRNA&'nA gene.
copies typically present in cells transformed with centromeric plasmids results in suppression of the radiO-1a mutation. The RADIO strains (YH50 and YH51) show equivalent UV resistance at levels expected of Rad' yeast cells (Fig. 3) .
Thus, it is evident that the absence of a functional tRNAiA!G gene in YH51 does not affect UV sensitivity nonspecifically. Strain YH61 carrying the radiO-1a allele (and which is deleted of the tRNA2jAG gene) is distinctly less UV resistant than the Rad' strains (Fig. 3) . However, in the presence of a centromeric plasmid carrying the tRNA2A gene the level of UV resistance of strain YH60 is increased (Fig. 3) to that of a radiO-1a mutant without a disruption of the gene (Fig. 2) . Thus, there is significant enhancement of UV resistance in radiO-1a mutant cells carrying the wild-type tRNAG8nG gene on a centromeric plasmid, as compared with isogenic strains lacking a wild-type copy of this gene.
The tRNA2AnG gene on plasmid pSUP19HIS is clearly expressed, since, as indicated above, it supports the viability of cells deleted in the chromosomal gene (1) . The level of tRNAG~n expressed in YH60 could not be directly measured by hybridization because tRNACAG is 97% homologous with tRNA8!AA (1) . Nonetheless, the observation that the UV sensitivity of this strain is essentially the same as that of the parent radiO-la strain carrying a single chromosomal copy of tDNA&Gin (Fig. 2) suggests that the two strains express comparable levels of tRNAGlnG. These experiments therefore demonstrate that tRNAGn decodes the UAG amber codon when expressed at levels adequate to maintain the viability of cells carrying an otherwise lethal disruption ofthe tRNA gene (ref. 1; I.E. and M.R.C., unpublished data).
To directly quantitate plasmid copy number in these strains, chromosomal and plasmid-borne CEN4 sequences were examined by Southern hybridization (20) using a CEN4-specific probe. Total cellular DNA was extracted from strains YH50, YH51, YH60, and YH61 and examined as described in Materials and Methods (data not shown (15) . These data thus demonstrate that the tRNA?&G gene on plasmid pSUP19HIS is present at one or two copies per cell.
Strain YH61 is not as UV sensitive as a strain carrying a deletion in the RADIO gene (YH10, Fig. 3) . Thus, the difference in UV sensitivity of the radiO deletion mutant and the radiO-la mutant is only partially explained by suppression of the amber mutation by tRNAGln . The Suppression can be qualitatively monitored with considerable sensitivity, since Ade' colonies are white whereas mutant colonies are red (21) . Cells in which the amber mutation is partially suppressed are uniformly pink or light red, depending on the extent of suppression, whereas cells in which the amber mutation is efficiently suppressed are white. As shown in Fig. 4 
